One intact and two splenectomized Holstein calves were infected intravenously with a Mexican strain of Babesia bovis and killed following the onset of severe clinical disease. A light and electron microscopic study was conducted on selected tissues to examine the relationship between parasitized erythrocytes and microvascular endothelial cells. The pattern and degree of specific organ sequestration of parasitized erythrocytes was assessed and correlated to lesions. Red blood cells infected with Babesia bovis exhibited stellate membrane protrusions. This morphological change appeared to mediate erythrocyte sequestration in the microvascular and capillary beds of the brain, kidney, and adrenal gland by an as yet unknown mechanism(s).
Babesia spp. infections in the vertebrate host are characterized by anemia, hemoglobinemia, hemoglobinuria, and in many cases, death of the host. Clinical disease is related to the multiplication of the protozoan parasite within host red blood cells and to repeated cycles of erythrocyte invasion, intraerythrocytic growth, and multiplication followed by red cell lysis and reinvasion.2 Bovine babesiosis has a worldwide distribution and can be caused by the infection of cattle with Babesia bovis (syn. Babesia argentina), Babesia bigemina, Babesia divergens, or Babesia major.= Cattle have been reported to sequester erythrocytes parasitized with Babesia bovis within cerebral capillaries and demonstrate a distinct clinical entity characterized by neurologic symptoms. This has been termed cerebral babesiosis and has been noted in spontaneous disease outbreaks as well as among both intact and splenectomized vaccine donor calves undergoing primary reactions to experimental B. bovis infections. 3~1 Studies have been conducted examining tissue morphologic lesions as well as the ultrastructural appearance of B. bovis-infected erythrocytes within the brains of splenectomized cattle with experimental cerebral babesio~is.'~J~ The present experiments were conducted to examine the pattern and extent of erythrocyte sequestration as well as the pathologic changes associated with experimental generalized babesiosis in intact and splenectomized Holstein calves.
Materials and Methods
Three splenectomized (33 1,333,334) and one intact (332) 8-month-old female Holstein calves were carefully screened for the presence of pre-existing hemoparasitic disease by the use of Giemsa and acridine-orange-stained peripheral blood smears prior to experimental infection. The Babesia bovis organism was originally derived from a Mexican field out-break and maintained cryopreserved in the laboratory following two passages through splenectomized calves.
Calf 33 1 was infected intravenously with 2 x 1 O8 B. bovisparasitized erythrocytes in approximately 5 ml of blood taken from a microaerophilus stationary phase culture of the frozen stock organism." Subsequent infection of calves 332 and 333 was made by intravenous injection of approximately 2 x 1 O8 infected red blood cells taken from calf 33 1 at 8 days postinfection. Calf 334 served as a control and was given 5 ml of calf 331 blood drawn prior to infection and kept in a microaerophilus stationary phase culture system.
All experimental animals were monitored twice daily for clinical signs and had rectal temperatures taken. Blood was drawn daily for hematocrit determination and peripheral blood smears were made from ear vein blood to determine parasitemia status. When the calves exhibited severe clinical signs and were judged to be close to death, they were euthanked by electrocution and necropsied.
Impression smears were made from brain, kidney, adrenal, liver, heart, and lung tissue, stained with Wright-Giemsa, and examined for the presence of parasitized erythrocytes as previously described.1°J4 One thousand erythrocytes were counted from four smears of each tissue. All major tissues were taken for histologic examination, fixed in 10% phosphate-buffered formalin, embedded in paraffin, sectioned at 6 pm, and stained with hematoxylin and eosin. Selected sections were stained with Giemsa and were subjected to Prussian blue reaction.
For electron microscopy, lung, brain, kidney, and adrenal were immediately immersion-fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). Tissues were postfixed for one hour in 1% buffered osmium tetroxide, dehydrated in a graded ethanol series, and embedded in Epon 8 12.
Results
Neither clinical nor morphologic abnormalities were detected in the control calf. The B. bovis-infected calves exhibited a clinical syndrome characterized by pyrexia, anemia, hemoglobinemia, and hemoglobinuria ( Table  1 ). The two splenectomized infected animals had se- vere muscle weakness, somnolence, and respiratory difficulty late in the clinical course of disease. None of the calves exhibited a specific neurologic dysfunction as reported in cases of cerebral babesiosis. Necropsy examination of infected animals revealed severe visceral congestion and generalized pallor of mucous membranes. Moderate hepatomegaly was noted, and there was a yellow-green caste in an otherwise normal pale hepatic parenchyma. Infected calves had moderate visceral lymphadenomegaly with marked medullary edema and congestion. These changes were most prominent in hepatic and renal lymph nodes in the splenectomized animals. Numerous petechial and small ecchymotic hemorrhages were noted on coronary 
groove fat, epicardial and ventricular endocardia1 surfaces. Moderately severe perirenal edema and severe adrenal cortical congestion were noted in all three infected calves.
Multiple irregular renal cortical infarcts were present bilaterally in the two splenectomized animals. These regions extended from the subcapsular surface to the medulla and were circumscribed by hemorrhage. The splenectomized calves had multifocal coalescing foci of f i r m gray-white pulmonary parenchyma diffusely throughout all lung lobes. The intact infected calf did not have gross renal or pulmonary lesions, but had marked splenomegaly with severe congestion. Gross central nervous system lesions were not noted in any of the experimental animals.
Light microscopy
Parasitized erythrocyte counts (Table 2) on impression smears, as well as histological examination, revealed a marked organ sequestration of infected red blood cells in the microvascular beds of the brain, kidney, and adrenal glands of the splenectomized animals. Although there was severe congestion of hepatic, pulmonary, and cardiac parenchyma, there was no similar degree of specific microvascular accumulation of parasitized erythrocytes in these organs. The intact calf had sequestration of parasitized red blood cells only within the microvascular bed in the brain.
Significant histological changes were noted within the lung, liver, kidney, and lymph nodes of all three infected calves. The kidney was the only organ where sequestration of parasitized erythrocytes could be seen in association with significant morphological alterations other than severe vascular congestion.
The kidneys of splenectomized calves had multiple circumscribed cortical areas of infarction with extensive hemorrhagic tubulonecrosis (Fig. 1 ). Deposition of hemosiderin was noted in the convoluted tubular epithelium, glomerular tufts, and to a lesser extent in the epithelial cells of the collecting ducts. Difise tubular vacuolar degeneration was accompanied by severe vascular congestion in the cortical as well as medullary regions of all three infected animals. Mixed mononuclear inflammatory cell accumulations consisting of macrophages, lymphocytes, and plasma cells were dispersed throughout cortical and medullary interstitial areas.
Infected animals had moderate, diffuse centrilobular and midzonal vacuolar degeneration of hepatocytes. Hemosiderin deposition was noted in both hepatocytes and Kupffer cells. The splenectomized infected calves revealed erythrophagocytosis ofboth infected and noninfected red blood cells by Kupffer cells. Marked centrilobular congestion of hepatic sinusoids with uninfected erythrocytes was observed in all three infected animals. Accumulation of mononuclear inflammatory cells, primarily lymphocytes and plasma cells, was noted surrounding portal triads, central veins, and extending into hepatic sinusoidal areas.
The pulmonary parenchyma exhibited capillary congestion and thickening of alveolar septa by mixed mononuclear inflammatory cells (Fig. 2) . The majority of the cellular infiltrate consisted of macrophages, many of which contained hemosiderin.
Histological changes were especially prominent in the lymph nodes of the splenectomized infected calves, but were also observed in the intact animal. Numerous germinal centers and moderate perifollicular hyperplasia were present in the cortices. Medullary regions were edematous, congested, and packed with large numbers of macrophages, many of which contained infected and noninfected erythrocytes (Fig. 3) as well as hemosiderin pigment. Renal and hepatic lymph nodes were most severely affected.
Distension of capillaries and venules with infected erythrocytes was present in the cerebral, cerebellar, thalamic, and brainstem regions of all three infected calves (Figs. 4,5) . The splenectomized animals showed more extensive congestion in both white and gray matter regions.
Ultrastructural lesions
Most parasitized erythrocytes exhibited prominent stellate surface projections ( Figs. 6-8 ). An occasional smooth contoured red blood cell ( Fig. 9 ) was noted in the lung and kidney of both the intact and splenecto-mized animals. The stellate erythrocytic membrane protrusions appeared to mediate cell to cell attachment between parasitized erythrocytes and vascular endothelial cells in organs of sequestration ( Figs. 7, 8) as well as between red blood cells. Occasionally, fine electron-dense strands bridged the gap between erythrocytic protrusions and endothelial cell surfaces.
No significant ultrastructural differences could be detected between parasitized erythrocytes from the splenectomized versus the intact infected calf. In every instance where an occasional smooth contoured erythrocyte was noted, there appeared to be a lack of contact between the red blood cell and the associated capillary endothelium. Parasitized erythrocytes in the kidney in regions of tubular necrosis occasionally appeared to have "low" stellate protrusions. In these areas the red blood cells showed evidence of hemolysis, and it was assumed that red blood cell swelling and degeneration accounted for the difference in cell contour.
Evidence of fibrin deposition present in the form of electron-dense flocculent material was noted in the renal cortical capillaries and venules from the splenectomized animals ( Fig. 9 ). Extensive intravascular agglutination of parasitized erythrocytes with hemolyzed red cell "ghosts" and free babesial organisms was seen in these areas. Endothelial cell swelling with cytoplasmic vacuole formation, loss of cytoplasmic structures, margination of nuclear heterochromatin, and separation of intercellular junctions was associated with erythrocytic sequestration in these regions.
In all infected calves the cerebral gray matter appeared to be the site of the most severe sequestration of parasitized erythrocytes. Although clinical disease was severe and parasitemia in cerebral capillaries approached 95%, there was virtually no evidence of endothelial cell degeneration, and tight junctions appeared intact. There were numerous small villous projections of endothelial cytoplasmic processes which formed close associations with parasitized erythrocytes (Fig. 7) . In several areas electron-dense particles formed in the endothelial cell cytoplasm subjacent to the cytoplasmic membrane where contact was noted with stellate erythrocytic membrane protrusions of infected red blood cells.
Discussion
Clinical, gross necropsy, and light microscopic findings are in agreement with previous descriptions of spontaneous and experimental bovine babesiosis caused by infection with Babesia bovis organisms.4,7J3J5,20 A significant discovery in this experiment was the observation that parasitized erythrocytes sequestered in the adrenal gland. It is possible that adrenal involvement plays a role in the shock syndrome which occurs in bovine babesial infection^.^.^^^^^
The pathogenesis of babesiosis is not understood 6 . Stellate membrane protrusions in apposition between parasitized erythrocytes. Bar = 0.5 pm. Fig. 7 . Interaction between erythrocytic membrane protrusion and endothefial cell surface (arrow). Bar = 0.25 hm. from a mechanistic viewpoint. The proliferation of lymphoid elements, fever, erythrophagocytosis, and development of an antibody response implicates cellular mediated effects as playing a major role in the disease process. It is known that in Babesia bovis infection there is activation of the kinin system,22 the coagulation systemY6 and the complement system.2 In addition, vasoactive peptides and amines as well as endotoxin have been proposed to play a role in the clinical d i s e a~e .~,~~ Nonspecific inflammatory as well as specific immunological reactions occur during the course of Babesia bovis as well as during other babesial infections. Lymphokines and monokines probably mediate these events. It is ofinterest that in this experiment, the acute production of experimental B. bovis infection is associated with extensive hyperplasia of the lymphoreticular system as well as lymphocyte, plasma cell, and macrophage accumulations within the kidney, liver, and lung parenchyma.
Babesia bovis infection in cattle differs in pathogenesis from other bovine babesial diseases in that the disease syndrome can commence in the absence of appreciable anemia and parasitemia. The B. bovis infection can be compared to Plasmodium falciparum infection of primates in that the low levels of circulating blood parasitemia are due to sequestration of infected erythrocytes in organ capillary and microvascular beds. In Plasmodium spp. infection of the organ and tissue distribution of parasitized erythrocytes is dependent on parasite, host, and to some extent on total blood parasitemia. 8 Recent studies in vivo and in vitro have elucidated the mechanism of erythrocyte sequestration in primate P. falciparum infections. I6-l8 Electron microscopic examination revealed that electron-dense cone-shaped protrusions described as knobs were present in P. falciparum-infected red blood cells. It was shown that these erythrocytic membrane regions contain one or more malarial antigens and mediate binding to receptors on the surface of endothelial cells.8 Studies have shown that Babesia bovis-infected erythrocytes undergo membrane glycoprotein alteration^.^
In the present study we examined the phenomena of B. bovis-infected erythrocyte sequestration with regard to both organ lesions and erythrocytic ultrastructural alteration. Previous studies have shown that in brain capillaries of splenectomized calves, erythrocytes infected with B. bovis assume a stellate appearance and connect by fine strands to other infected cells and to the capillary endothelium.' 1, 19 We saw stellate-shaped parasitized erythrocytes in freshly collected peripheral blood in another study, and this also has been reported by others. Our study differs from previous ultrastructural studies in finding the stellate-shaped erythrocytes in organs other than brain. In the splenectomized calves described in this paper, sequestration of infected erythrocytes occurred in the adrenal gland, and the cells had a similar ultrastructural appearance to those in the brain. This finding is in contrast to a previous study which demonstrated smooth red blood cell contours to infected erythrocytes in the kidneys of splenectomized calves.L9 Numerous babesia strain and host differences may explain the discrepancy noted in the findings between the present and previous studies. This study has shown differences in the degree and the distribution pattern of sequestered parasitized erythrocytes between intact and splenectomized calves, but no ultrastructural erythrocytic variations exist in the two groups.
Recently, studies of freshly collected or cultured infected blood have shown that the virulent form of B. bovis has more stellate protrusions on the erythrocyte membrane than the virulent form produced by frequent passage through splenectomized calves.' Similar studies have demonstrated that in primate malaria caused by P. falciparum infection, strains of the parasite which cause infected erythrocytes to assume a knobless configuration are less virulent than corre-sponding strains which cause knobs on red blood cell membranes. It is interesting that in areas of nonsequestration and in organs other than brain, we occasionally noted an infected erythrocyte with a smooth contour. These may represent virulent clones of B. bovis parasites which proliferate upon passage through splenectomized calves, thereby lowering the virulence of the infection.2
The lack of endothelial cell damage in the brain tissue of the animals in this study shows that the adherence of parasitized erythrocytes in itself is not sufficient to cause pathological changes. The binding may serve to trigger the numerous immunological and pharmacological events that mediate the disease course. The resultant inflammatory changes most likely are responsible for the clinical and pathological syndromes noted in the present experimental study as well as in previous experimental and spontaneous cases of B. bovis infection.
Further studies using in vivo and in vitro methods will be needed to be examined to see if specific receptor binding is responsible for the interaction between infected erythrocytes and endothelial cells in Babesia bovis infections as it is in malaria infections with P. falciparum. Manipulation of the sequestration phenomena may allow alteration of the clinical and pathological changes which occur in bovine babesiosis caused by Babesia bovis infection.
